The aim of this study was to determine the influence of biostimulants on the content of selected microelements in the skin and flesh of potato tubers. Five potato cultivars were grown: Irga, Satina (with cream-and yellow-colored flesh), Valfi, Blaue St. Galler (with purple-colored flesh) and Highland Burgundy Red -HB Red (with red-colored flesh). Potatoes were treated with the following biostimulants: Asahi SL, Bio-Algeen S 90, Kelpak SL and Trifender WP. Control plants were not treated with biostimulants. Samples of potato tubers were analyzed immediately after the harvest and after 5 months of storage (4°C). The highest content of micronutrients in the skin and flesh of potato tubers was determined at harvest in the driest 2015 year. In all years of the experiment, micronutrient concentrations were lower in the flesh than in the skin of potato tubers, and the greatest differences were noted in the content of Fe. The concentrations of Zn, Mn and Fe in the skin and flesh of potato tubers increased as a response to the BioAlgeen S 90 biostimulant, and the content of Fe was also higher in the skin of potatoes treated with Kelpak SL. In general, the skin and flesh of potatoes cvs. Valfi, Blaue St. Galler and HB Red were more abundant in microelements than cvs. Irga and Satina potatoes. Content of Zn and Mn increased and the content of Cu and Fe decreased (excluding the first year of the study) in the skin and flesh of stored potatoes. The skin and flesh of stored potato tubers treated with biostimulants were characterized by Mn concentrations that were higher or similar to those recorded in the control treatment (excluding the skin of potatoes treated with Bio-Algeen S 90) and a smaller decrease in Cu content.
INTRODUCTION
Growing demand for food will require an increase in crop production. Potato is a staple crop in many countries around the world [Ezekiel et al. 2013] . In Poland, annual potato consumption is estimated at 100 kg per capita [GUS 2016] , and the demand for potato products continues to increase [Luis et al. 2011 , Dzwonkowski et al. 2014 . A total of 103 potato cultivars have been registered in Poland, including 77 edible cultivars (38 local and 39 foreign) and 26 cultivars for industrial processing (23 local and 3 foreign) [Polish National List of Agricultural Plant Varieties 2017] . Cultivars with red-or purple-colored flesh contain two to three times more antioxidants (phenolic compounds and anthocyanins) than cream-colored cultivars, and their popularity continues to increase [Friedman and Levin 2009, Hamouz et al. 2010] . Antioxidants play an important role in the prevention of cancer and other chronic diseases [Love and Pavek 2008, Stushnoff et al. 2008] .
The health status [Sławiak et al. 2009 , Gachango et al. 2012 and chemical composition of potato tubers determine the quality of the final product. Potatoes are an abundant source of protein, carbohydrates, fiber, antioxidants (vitamins, phenolic compounds) and minerals. Potatoes contain 0.5−2% minerals, including iron, copper, manganese, zinc, boron and others [Leszczyński 2012 [Leszczyński , Żołnowski 2013 . Two hundred grams of potatoes provide 100% of the recommended daily intake of molybdenum, 20% of iodine, 50% of chromium, 20% of selenium, 15% of fluoride, 15% of magnesium, 15% of iron, 12% of copper and 12% of phosphorus [Bethke and Jansky 2008] . Micronutrients promote the maintenance of the acid-base balance, electrolyte balance and fluid balance in the body; they control carbohydrate, protein and lipid metabolism; they participate in cholesterol metabolism, synthesis of hemoglobin and erythrocytes, and in other processes [Soetan et al. 2010] .
Micronutrients play vital roles in physiological and biochemical processes in plants. Copper regulates photosynthesis and respiration; Zn is responsible for the metabolism of carbohydrates, proteins and phosphorus compounds; Mn is involved in oxidation and reduction processes, and photosynthesis [Leszczyński 2012 ]. Microelements also participate in the induction of defense responses against pathogens. Magnesium is involved in the synthesis of lignin and suberin [Hammerschmidt and Nicholson 2000] ; Zn protects cell membranes against oxidative stress [Cakmak 2000] ; Cu is responsible for the lignification of cell walls and the accumulation of phenolic compounds [Evans et al. 2007, Stangoulis and Graham 2007] . The micronutrient content of potato tubers is influenced by weather conditions [Medyńska et al. 2009 ], genetic factors , cultivation system and crop protection agents [Kaniuczak et al. 2009 , Griffiths et al. 2012 , Lombardo et al. 2014 . In modern potato production systems, both artificial and natural substances, such as algae, are used to promote the growth and development of potato plants. Natural growth promoters have a varied composition (polysaccharides, microelements and plant growth hormones), and they can exert different effects on plants. They can induce resistance to stress [Khan et al. 2009 , Craigie 2011 , González et al. 2013 ] and improve crop performance by enhancing the root development and the uptake and transfer of nutrients [Abdel-Raouf et al. 2012 , Sharma et al. 2014 .
The aim of this study was to determine the influence of biostimulants on the microelement content of the skin and flesh of tubers in selected potato cultivars.
MATERIALS AND METHODS
The micro-plot field experiment was performed in the Agricultural Experiment Station in Ten tubers with a cross-section of 35-50 mm were sampled for chemical analysis at the harvest and after 5 months of storage (4°C). The tubers were rinsed in water, peeled with a peeling knife (skin thickness -3 mm) and cubed. The prepared skins and flesh were freeze-dried in the Alpha 1-4 LDplus freeze dryer (Doncerv ® ) and ground in a laboratory mill (A 11 basic).
The ground material was divided into three representative samples (1 g each) and mineralized in the CEM Mars 5 Xpress microwave mineralization system (CEM Corp., Matthews, NC, USA) in a closed system (55 cm 3 vessels) using 6 cm 3 of 65% HNO 3 and 1 cm 3 of 30% H 2 O 2 . Plant material was digested in a microwave oven in three stages: I -600 W, 100°C, 3 min; II -600 W, 120°C, 3 min; III -1200 W, 200°C, 8 min. Digested material was filtered and made up to a final volume of 100 cm 3 with distilled water. The micronutrient content of plant material (Cu, Fe, Mn, Zn) was analyzed by flame atomic absorption spectrometry using the AA Duo-AA280FS/AA280Z spectrometer (Agilent Technologies, Mulgrave, Victoria, Australia) equipped only with single-element hollowcathode lamps (Varian) [Subramanian et al. 2012] .
Achieved results were processed statistically by ANOVA in the Statistica 12.5 software. Mean values were compared in Tukey's test at a significance level of 0.05. Cluster analysis was carried out by singlelinkage clustering, and the Euclidean distance was a measure of dissimilarity.
RESULTS AND DISCUSSION
The average temperatures in the growing seasons of 2013-2015 were similar to the long-term average (1981-2010) (Tab. 1). However, the distribution of temperatures in each year of the study differed from the long-term average. In April 2013, the average temperature was 1.8°C lower, and in May and June 2013, it was around 1.3°C higher than the long-term average. In 2014, a warm April was followed by a cool May and June (with temperatures 0.5°C and 1.7°C below the long-term average, respectively) and a hot July (1.7°C higher than the long-term average). In 2013 and 2014, temperatures at the end of the growing season (August) were below the long-term average. In 2015, the average temperatures between April and July were below the long-term average, in particular in May and July. August temperatures exceeded the long-term average by 1.9°C. In the analyzed growing seasons, precipitation levels were similar to the long-term average only in 2013. In 2014 and 2015, precipitation levels were 24% and 36.7% lower than the long-term average, respectively. Rainfall distribution was irregular in different months of the growing season, and the highest precipitation was recorded in July 2013, July 2015 and August 2014 (64%, 10% and 45% higher than the long-term average, respectively). The driest months in the analyzed period were May, June and, in particular, August of 2015 (49%, 63% and 76% below the long-term average).
In this study, the concentrations of Zn, Mn, Cu and Fe differed across years (weather conditions), biostimulant treatments and potato cultivars (Tab. 2). In potato samples analyzed at the harvest, the highest contents of Zn, Mn, Cu and Fe in the skin and the highest concentrations of Zn, Mn and Fe in the flesh were noted in the driest year 2015. The Zn, Mn and Cu content of potatoes (skin and flesh) was lowest in 2014, and the content of Fe was lowest in 2013. The mineral content of potato tubers is determined by weather conditions such as temperature, precipitation and rainfall distribution , Baranowska et al. 2017 , soil type and the mineral content of soil [Luis et al. 2011 . Gugała et al. [2016] reported the highest Cu content of potatoes in a growing season characterized by abundant precipitation and high temperatures, and the highest Zn content in a warm and dry growing season. The content of plant-available micronutrients is determined by soil properties, mainly pH, and the chemical form in which these metals occur [Wiśniowska-Kielian and Klima 2007] . The bioavailability of Fe, Mn, Zn and Cu is higher in acidic soils because these metals are more soluble in an acidic environment [Millaleo et al. 2010 , Filipek and Skowrońska 2013 , Garcia-Banuelos et al. 2014 . In contrast, Petryk and Bedla [2010] did not observe significant correlations between Zn and Fe concentrations in soil and potato tubers. According to , the Zn content of soil influences Zn levels in potatoes. The results presented in Table 2 indicate that the Zn content of potato skins and flesh was similar, whereas Mn, Cu and Fe concentrations were higher in the skin (1.3-, 1.9-and 4.8-fold on average, respectively). In a study performed by Subramanian et al. [2011] , potato skins contained 17% of total Zn and 55% of total Fe. In fresh potato flesh, Mn, Zn and Fe concentrations were higher in the stolon, and Cu content decreased towards the inner part of potato tubers. In the work of Petryk and Bedla [2010] , the Zn content of potato skins was determined at 30.8-68.9 mg·kg [2012] also reported higher concentrations of Cu, Mn and Zn in the skin than in peeled tubers, but the observed differences were not significant. Differences in the mineral content of potato skins and flesh could also be attributed to the size and shape of tubers [Andre et al. 2007] .
In this study, biostimulants did not exert a significant effect on Zn, Mn and Cu content of potato skins and flesh, but they increased Fe concentration (in particular Bio-Algeen S 90) (Tab. 2). Biostimulants increased the Fe content of skins by 12.5-27.2% and the Fe content of potato flesh by 5.6-17.3% relative to the control. In other studies, biostimulants had also varied influence on the mineral content of plants. In the work of Majkowska-Gadomska and Wierzbicka [2013] , Asahi SL exerted a minor effect on the mineral content of eggplant fruit. According to Wierzbowska et al. [2015] , the Cu content of potato tubers increased under the influence of Kelpak SL. In a later study by Wierzbowska et al. [2016] , the macronutrient content (P, K, Na, Ca and Mg) of potato tubers increased under exposure to Asahi SL, but decreased under the influence of Bio-Algeen S 90 and Kelpak SL.
Genetic factors influence the micronutrient concentrations in tubers, in particular Cu, Fe, Mn and Zn levels [Haynes et al. 2012 . Significant varietal differences were observed in Cu levels, but not in the Zn content of tubers [Arvin et al. 2005, Wierzbicka and Trawczyński 2011] . Gugała et al. [2016] demonstrated that the Zn content of potato tubers was influenced by genotype. In a study by Wierzbowska et al. [2015] , potato tubers cv. Satina were characterized by the lowest concentrations of Zn and Mn, whereas the lowest Fe and Cu levels were noted in potato tubers cv. Irga. In a study by Tamasi et al. [2015] Values denoted by the same letters do not differ significantly at 5% error (Duncan test)
Bio-Algen S 90 contributed to the highest increase in the Zn (20.7%), Mn (34.5%) and Fe (42.6%) content of the skin in potatoes cv. Satina, and in the Mn (15.9%) and Cu (14.9%) content of the flesh in potatoes cv. Valfi. Kelpak SL led to the highest increase in Zn (20.3%) concentration in the flesh of potatoes cv. HB Red and in Fe (31.9%) concentration in the flesh of potatoes cv. Blaue St. Galler.
In comparison with the control treatment, the application of Asahi SL resulted in the highest decrease in the Zn (18.9%) and Cu (20.3%) content of the skin in potatoes cv. Valfi, and in Cu (33.7%) content of the flesh in potatoes cv. Satina. The concentration of Mn (approx. 29%) in the skin and flesh of potatoes cv. HB Red, and the concentration of Zn (30.5%) in the flesh of potatoes cv. Valfi decreased most under the influence of Kelpak SL.
In a study by Zarzecka et al. [2016] , potato tubers cv. Satina contained 6.27 mg Cu·kg -1 (similar Cu levels were reported by Arvin et al. [2005] and Manzelli et al. [2010] . Herbicides applied alone and in combination with Kelpak SL or Asahi SL biostimulants increased the Zn content of potato tubers . In a study by Wierzbowska et al. [2015] , Kelpak SL increased and Bio-Algeen S 90 decreased the concentrations of Zn, Mn, Fe and Cu in potato tubers relative to the control treatment.
Stored potato tubers undergo physiological, chemical and biological changes, which lead to quantitative and qualitative losses in yield [Zgórska and Grudzińska 2012] . According to Murnice et al. [2011] , changes in chemical composition of stored tubers are influenced by cultivar, weather conditions during the growing season and storage conditions.
The Zn and Mn contents of potato skin and flesh increased, whereas the Cu and Fe contents decreased in storage potato tubers (Fig. 1) . The greatest increase in Zn and Mn concentrations was observed in the last year of the study (28% and 40% in the skin and 30% and 60% in the flesh, respectively). Particularly high decrease in Fe (-28% in the skin and -55% in the flesh) and Cu (-15% in the skin and -7% in the flesh) levels was noted in 2014. In potato tubers treated with Asahi SL and Kelpak SL, a greater increase in Zn and Mn concentrations in the skin (Zn -28% and 29%; Mn -37%, only treated with Asahi SL) and flesh (Zn -32% and 28%; Mn -38% and 43%) was observed relative to the control treatment (Fig. 2) . In potatoes treated with BioAlgeen S 90, the relevant increase was smaller than in the control treatment. All biostimulants limited the loss of Cu (in skin and flesh) during the storage. A greater decrease in the Fe content of skin was recorded in potatoes treated with the evaluated biostimulants than in the control treatment. In the flesh of stored potatoes, the loss of Fe was minimized by all biostimulants except from Bio-Algeen S 90.
During storage, the highest increase in Zn concentration was observed in potatoes cv. Satina (40% in the skin and nearly 50% in the flesh) (Fig. 3) . In the remaining potato cultivars, Zn concentration increased by 17-27% in the skin and by 12-28% in the flesh. The Mn content of stored potatoes increased by 25-33% in the skin and by about 3% (cv. Irga) to about 57% (cv. HB Red) in the flesh. Changes in the Cu and Fe content of potato skin and flesh were influenced by genotype. In potatoes cv. Irga, Cu concentration in the skin remained nearly constant and increased by less than 10% in the flesh during storage. Higher Cu concentration was noted in the skin and flesh of potatoes cvs. Valfi and Blaue St. Galler. Potatoes cvs. Valfi and HB Red were characterized by a significant decrease in the Cu content of the skin (around -50% and -40%, respectively) and flesh (about -35% and -30%, respectively). In stored potatoes cvs. Irga, Satina, In potatoes cv. HB Red, the concentration of Fe increased by about 10% in the skin and decreased by approx. 15% in the flesh. A cluster analysis revealed that Asahi SL and Trifender WP biostimulants had similar influence on the micronutrient content of potato tubers, and their effects did not differ significantly from that exerted by Kelpak SL (Fig. 4) . The micronutrient content of potato tubers treated with Bio-Algeen S 90 was highly similar to that recorded for the control, but it differed significantly from that observed in the remaining biostimulant treatments.
CONCLUSIONS
Weather conditions, applied biostimulants and potato cultivars influenced the Zn, Mn, Cu and Fe content of potatoes at the harvest and after 5 months of storage. In potato samples analyzed at harvest, the highest content of Zn, Mn, Cu and Fe in the skin and flesh (excluding Cu) were noted in the driest year 2015. In all years of the study, micronutrient concentrations were higher in the skin than in the flesh at harvest, and the greatest variations were observed in the content of Fe. The concentrations of Zn, Mn and Fe increased in the skin and flesh of potatoes at harvest under the influence of Bio-Algeen S 90, and the Fe content of skin also increased in potatoes treated with Kelpak SL. The skin and flesh of potatoes were generally more abundant in micronutrients in potatoes cvs. Valfi, Blaue St. Galler (with purple-colored flesh) and HB Red (with red-colored flesh) than in potatoes cvs. Irga and Satina (with cream-and yellow-colored flesh). In all years of the study, Zn and Mn concentrations increased, and Cu and Fe concentrations decreased (excluding 2013) in the skin and flesh of stored potatoes. The content of Zn, Mn and Cu increased (excluding potatoes cvs. Valfi and HB Red) and the content of Fe decreased (excluding the skin of potatoes cv. HB Red) in the skin and flesh of the analyzed potato cultivars. In comparison with the control treatment, the skin and flesh of stored potatoes treated with the analyzed biostimulants were characterized by varied concentration of Zn, higher or similar content of Mn, smaller decrease in Cu concentration, greater loss of Fe in the skin and smaller loss of Fe in the flesh of potato tubers.
